ABSTRACT: The control of mussel population dynamics by larval supply and by more local processes affecting post-recruitment survival and growth has received considerable attention. However, immigration and emigration of adults and their contribution to colonization dynamics remain largely unknown. We manipulated the location and density of marked mussels in experimental transplants in the St. Lawrence Estuary (Québec). Our results reveal that colonization by Mytilus spp. is influenced by (1) passive adult movement through wave disturbance and immigration, (2) spatial aggregation and (3) topographic heterogeneity. Results show that ~90% of colonization in experimental plots was by individuals of 4 to 32 mm shell length and was associated with both withintransplant and local (< 0.15 m from transplant) aggregation. Experimental gaps revealed a similarly aggregated wave-disturbance process, propagating small (0.5 m) gaps across >100 m. The passive displacement distribution of marked and wave-dislodged individuals further revealed movement distance ranging from 1 to 150 m and disturbance mortality from < 20 to 40%. Together our results reveal that colonization in subarctic mussel populations can be largely controlled by cycles of adult displacement and further aggregation at the landscape level (~100 m). Such positive feedbacks involved in disturbance and colonization could explain strong fluctuations in abundance and challenge the interpretation of intertidal populations as systems mostly limited by larval supply and post-recruitment survival.
INTRODUCTION
Understanding the processes of disturbance and recolonization that regulate populations and communities is a fundamental theme in ecology (Sousa 1984 , Connell et al. 1997 . In rocky intertidal ecosystems, physical disturbance by such agents as wave action and ice scour has been studied as a factor controlling community structure and diversity (Paine & Levin 1981 , McCook & Chapman 1997 . Much progress has been achieved through the assumption of open systems (Levin & Paine 1974 , with larval supply and post-recruitment survival and growth as the main processes of recovery following mortality induced by disturbance (Underwood & Denley 1984) . Disturbance is thus strongly associated with mortality, and its contribution as a force of adult displacement and of local recolonization is largely undetermined (but see Hunt & Scheibling 2001 , 2002 . Here, we reveal and quantify the scales of adult displacement following wave disturbance, and of spatial aggregation (colonization close to conspecifics) in a subarctic mussel population.
In mussel populations, colonization and recovery after disturbance can be influenced by biotic and abiotic factors affecting both recruitment and postrecruitment survival (Menge et al. 1997) . Early studies emphasized the importance of local processes such as competition, predation and physical disturbance (Dayton 1971 , Paine 1974 . More recently ecologists shifted their focus to larger scales, considering oceanographic control of larval supply to be a predominant factor dic-tating patterns of distribution (Gaines & Roughgarden 1985 . As a result, local marine populations are often considered to be demographically open, where local recruitment is decoupled from local reproduction by the dispersal of larvae (Caley et al. 1996) . In an open population, the gains and losses of sessile individuals occur solely via recruitment, growth and mortality (Connell 1985) . Therefore, postsettlement displacement of adults in sessile species such as mussels remains virtually unexplored at scales that can directly regulate populations.
Passive migration of adult mussels by wave dislodgement has been documented (Hunt & Scheibling 1998 , 2001 , 2002 , but the contribution of adult displacement to population dynamics across spatial scales and body sizes has not been resolved. Mussel movement at very small body size or spatial scales have been shown to contribute to mussel distribution and growth. For example, passive movement of post-larvae has been associated with secondary settlement behaviour (Bayne 1964 , Sigurdsson et al. 1976 ). Juvenile and adult individuals also display active small-scale movement as they migrate vertically (Schneider et al. 2005) and laterally within mussel beds after disturbance (Paine & Levin 1981 , Littorin & Gilek 1999 . More recently, Hunt & Scheibling (2001) showed that small (2 to 10 mm shell length) individuals could account for 15 to 20% of mussel colonization in experimental patches. Here, we quantify the spatial scale of such passive movement and test its importance across body size. We also address the dynamic processes coupling adult displacement and aggregation to wave disturbance across intertidal mussel beds.
We report results from experimental mussel transplants and gaps to test the importance of adult displacement and recruitment, within-transplant and local (between quadrats, < 0.15 m from transplants) aggregation near conspecifics, and topographic heterogeneity, during colonization by mussels on a subarctic rocky intertidal habitat. Our results demonstrate the importance of movement by adult-sized mussels (> 4 mm shell length) over scales of landscapes (10 to 100 m) for colonization occurring during the main recruitment period. We tested for the body-size-dependent role of topography and of both within-transplant and local aggregation during colonization, and revealed the size-dependent propagation of experimental gaps across a natural mussel bed. Our results suggest that within-year mussel population dynamics at the scale of subarctic landscapes can largely operate through the passive and spatially correlated movement of adults during disturbance and colonization. These findings should have important consequences for the understanding of large-scale dynamics of intertidal ecosystems.
MATERIALS AND METHODS
Study area. The study area is located in a subarctic region on the south shore of the St. Lawrence Estuary in Sainte-Flavie, Québec, Canada (Fig. 1) . The 700 m stretch of rocky shoreline chosen to conduct this study was relatively straight and displayed no major topographical features or freshwater outflows. The experiments were carried out in the mid-intertidal zone, over a 350 m stretch for the mussel colonization experiment and over a 100 m mussel bed for the artificial gap disturbance experiment, 250 m from the closest colonization experiment site (Fig. 1) .
The tide cycle is semi-diurnal, and the mean and maximal tidal amplitudes are 2.0 and 4.5 m, respectively. The surface-water salinity and temperature in this region of the estuary during the summer months are typically 26 to 27 ppt and 12 to 14°C (Fradette & Bourget 1980) . Ice scouring is an important cause of disturbance at the end of the winter, scraping exposed organisms off the bedrock (Bergeron & Bourget 1986 ). The intertidal community in our study area is dominated by mussels and fucoid algae. Two Mytilus species, M. edulis and M. trossulus, have been reported in the St. Lawrence Estuary (McDonald et al. 1991) , with 204 Fig. 1 . Gulf of St. Lawrence, Québec, Canada. The study area is located east of Ste. Flavie, on the south shore of the estuary. The westernmost colonization site and easternmost disturbance site are situated at 48°37.64' N, 68°12.06' W and 48°37.82' N, 68°11.58' W, respectively no morphological differences that make them clearly distinguishable. Other related Mytilus species have been shown to differ in their attachment strength (Bell & Gosline 1997) and in their movement rate (Schneider et al. 2005) , and M. edulis and M. trossulus can show different tolerance to salinity in the laboratory (Qiu et al. 2002) . However, studies in the Gulf of St. Lawrence showed no ecological differences between species in natural habitats (Moreau et al. 2005) . Moreover, their distribution in the St. Lawrence Estuary and their occurrence in our study area are still unknown, and it has been suggested to be highly heterogeneous in the Gulf of St. Lawrence (Moreau et al. 2005) and in the Gulf of Maine (Rawson et al. 2007 ). For the purpose of this study, they are considered ecologically equivalent and are hereafter referred to as Mytilus spp. Marine snails of the Littorina genus are also abundant in this region. The gastropod Nucella (Thais) lapillus, a predator of mussels, was rarely witnessed at the lower edge of the intertidal zone in our study area. In addition, waterfowl were seldom observed, and predation pressure is therefore assumed to have no substantial impact on Mytilus spp. populations in our study area (see also Guichard et al. 2001) .
Mussel colonization experiment.
To examine the effect of density and topographic heterogeneity (presence of a crevice) on Mytilus spp. colonization rates, we placed mussel transplants on cleared sites in the mid-intertidal zone. One hundred 50 × 50 cm sites (Fig. 2) were selected based on the following criteria: all were centred on crevices 5 to 10 cm wide and 2 to 4 cm deep. Crevices were located on bedrock with <10°inclination. There were no tide pools nor topographical irregularities > 20 cm within 1 m of each site. The range in elevation among sites was 40 cm, resulting in immersion time differences < 40 min. Of these sites, 45 were then randomly selected and cleared of all benthic organisms. Each selected site also included a 10 cm cleared buffer zone, hence excluding any contribution of active mussel movement to colonization into experimental sites (Hunt & Scheibling 1998) ; 15 sites were kept as controls (no mussel transplant), 15 sites received a low-density transplant (50 mussels), and 15 sites received a high-density transplant (175 mussels; Fig. 2 ). Mussel bed density in our study area prior to the experiment was highly variable and ranged from our low-density transplant size to a mussel bed covering 100 m (see 'Artificial gap experiment' below).
Transplant mussels:
We collected 3375 mussels with shell lengths of 25 to 40 mm at an independent location 3 km downstream of our experimental site. This shell length interval included the mode of mussel size distribution in our study system, while smaller and larger individuals were in low densities and could have introduced among-transplant variability in shell-length distribution. Mussels were air dried for 1 h, after which the shells were sanded to enhance paint adherence. Mussels were then numbered and colour-coded to their respective site (1 colour per treatment level and 1 to 15 site numbers) using bright coloured latex paint. Finally, a thin coat of clear epoxy glue was applied on the numbered paint marks to withstand field conditions, allowing transplant mussels to remain identifiable throughout the season. Before putting the mussel transplants out in the field, transplant mussels were held in perforated food containers placed in indoor basins with unfiltered estuarine water for 1 wk. This eased the establishment of an initial aggregation via byssal thread formation, facilitating their on-site transplantation and survival.
Mussels were transplanted to experimental sites after they were cleared of organisms in mid-May. Mussel transplants were positioned on the crevice in the centre of the site and restrained with flexible plastic mesh for 1 wk, thus enabling them to attach to the substrate without being dislodged by waves.
After the plastic mesh was removed, transplant mussels were exposed to wave disturbances and some indi- with Quadrat 5 on the experimental transplant viduals were dislodged from transplants and passively moved throughout the intertidal zone during the summer. We surveyed our study area (30 man hours) in early August, and recorded the position of all transplant mussels that were found outside of their experimental site. Individual mussels were identified by the colour code of their treatment level and site number and their position (± 5 mm) was measured using a total surveying station (Leica TC705). Distance and orientation of displacement were recorded for 84 individuals.
Collecting and processing of samples: Experimental sites were sampled from mid-to late August. Each site was divided into 9 quadrats (Fig. 2) . Quadrats 1 to 3 and 7 to 9 were on smooth surfaces, while Quadrats 4 to 6 included the crevice. The centre quadrat (5) is the location of the mussel transplant. All organisms were scraped from each quadrat and kept frozen (-18°C) until they could be processed in the laboratory. Each sample was shaken through 4 sieves (9.5, 4.0, 2.0, and 0.5 mm mesh size), and density and blotted weight (± 0.005 g) of all species were determined for each size class. Mytilus spp. size classes based on sieves reflect shell width rather than shell length. Table 1 shows shell lengths (mm) of a sub-sample of 181 mussels collected across sieve mesh sizes. We conservatively labelled as 'recruits' (i.e. individuals that recruited on the year of our experiment) all mussels retrieved in the 0.5 mm mesh sieve (1.9 to 3.9 mm shell length; Table 1 ). Mussels retrieved in larger sieves were thus identified as larger juvenile and adult mussels assumed to have recruited in previous years (hereafter referred to as adults). Mytilus spp. larvae have a single settlement period each year, and settle at a shell length of 250 to 400 µm (Bayne 1965) . In this region, Mytilus spp. settlement peaks in late July and lasts until early August. It is unlikely that recruits in a subarctic intertidal environment would reach a shell length > 3.9 mm within 1 mo when compared to growth of subtidal individuals (Kautsky 1982) . Based on individual size at settlement (< 0.5 mm shell length), it is also possible that some recruits were too small to be retained on the 0.5 mm sieve. However, based on M. edulis morphology (Stirling & Okumus 1994;  Table 1 in present paper), individuals as small as 1.0 mm should be collected in the 0.5 mm sieve, suggesting that the observed minimum shell length of 1.9 mm was the smallest individual size in our quadrats.
Artificial gap experiment. To quantify the propagation rate of wave disturbances, we created artificial gaps in a large mussel bed in the mid-intertidal zone. This mussel bed neared 100 m in length and 20 m in its widest section. We selected 60 potential sites for the artificial gaps, of which half were randomly chosen. Potential sites were not located within 1 m of a large boulder (> 50 cm in diameter), and all sites were within an elevation range of 30 cm; 10 sites were set as control (undisturbed), 10 sites received a small (25 × 25 cm) and 10 sites received a large (50 × 50 cm) disturbance (gap).
The artificial gaps were created in mid-August. The front edge of each gap was parallel to shore. All of the mussel cover within each gap was removed, and the mussels were released at an independent site. Artificial gaps and controls were marked with screws imbedded into surrounding rocks and boulders. The exact position (± 5 mm) in 3-dimensional space of each screw was determined via the use of a total station. Photographs of all experimental gaps and controls, including geo-referenced points, were taken at 5.1 megapixel resolution. The camera was fastened to a retractable boom and centred over a site at approximately 3.5 m above the mussel bed. Photographs were taken before and after gap creation, the following day and 10 d later. The sites were photographed again during fall (21 October 2004), as well as at the end of spring of the following year (9 June 2005). The photographs were rectified and analysed using Adobe Photoshop. A 3 × 3 m square delimiting the same field of view throughout the time series at each site was superimposed on each photograph to document the changes in gap size over time.
Water flow measurement. Plaster of Paris cylinders were placed in the vicinity of each artificial gap and control site to quantify water flow intensity by their dissolution (Komatsu & Kawai 1992) . The cylinders measured 8 cm in height and 2.5 cm in diameter, and their ends were covered with a layer of epoxy glue to prevent dissolution, thus minimizing changes in exposed area due to erosion. Before placement out in the field, the cylinders were air dried for 30 d, individually labelled and weighed. Two cylinders per site were set out on 21 October 2004. They were placed on rocks as near as possible to the control or gap location and fixed vertically 2 cm above the substratum by means of an anchored metal rod running through their centre. They remained exposed for 24 h (2 tidal cycles). After removal, the cylinders were again air dried for 30 d and reweighed. Weight loss was used as an index of water motion at each site (Guichard & Bourget 1998 larger temporal scales than 24 h, our flow measurements were used as an index of among-site spatial variability in the intensity of water motion. Statistical analysis. In the colonization experiment, the null hypothesis tested was that transplant density and the presence of crevices would not affect the density and biomass of Mytilus spp. colonization. This hypothesis was tested on mussel density collected on each sieve or grouped as recruits versus larger juveniles and adults, using a mixed ANOVA model ( Table 2 ) and analysed using the SAS statistical package. Fixed effects were transplant density (control, low and high) and quadrat position (1 to 9) relative to the crevice (4 to 6) and transplant (5). The interaction between density and quadrat treatments allowed separating the effects of crevices and transplants because crevices were present on the same quadrats across all density treatment levels. The ANOVA model included a random effect associated with among-site variability (site [density] ). Residuals were visually inspected, and square-root transformations were applied to recruit and adult Mytilus spp. counts to meet assumptions of normality and homoscedasticity. Significant interactions or main effects were further analysed using leastsquares mean comparisons with significance level adjusted for the number of comparisons. Because transplant mussels could move into neighbouring quadrats, we further explored causes of mussel colonization of cleared quadrats (1 to 4, 6 to 9), and partitioned the effects of within-quadrat transplant density and of local density dependence directly resulting from the transplant in the centre quadrat. We more precisely controlled for the presence of transplant mussels in non-transplant quadrats, by applying our ANOVA after removal of the centre quadrat from our data set and with transplant density in each quadrat as a co-variate in the resulting ANCOVA model. The lack of significant effect of our co-variate (within-quadrat transplant density) on colonization was interpreted as the direct effect of local density dependence (presence of a transplant in centre quadrat) on mussel colonization in cleared neighbouring quadrats.
For the gap experiment, we tested the null hypothesis of no effect of artificial gap size on increase in surrounding gap area between sampling dates. This was tested using a repeated-measure ANOVA model and implemented as a MANOVA in SAS. The main treatment was initial gap size (controls, 25 cm, 50 cm), and gap size increments (controlling for initial size) at each date of observation were treated as response variables. The error term for our main treatment was site variability within gap size treatment (site[gap size]). The analysis was repeated with plaster cylinder dissolution as a co-variate to test the effect of flow intensity on gap propagation.
RESULTS

Colonization
Size structure of Mytilus spp. colonization Mytilus spp. colonization at the experimental sites largely consisted of small to large adult mussels (Fig. 3) . The mean density of recruits (< 4 mm shell length; Table 1 ) and larger juveniles and adults (4 to 207 , respectively. Of the adult mussels, 39% were collected in the 2 mm; 53%, in the 4 mm; and 8%, in the 9.5 mm sieve. Adults accounted for 91% of Mytilus spp. colonizers at the control, for 87% at the low-density treatment and 89% at the high-density treatment sites. Overall, nearly 89% of the colonizing mussel population was represented by adults > 4 mm shell length.
Effect of mussel transplants and topography on colonization
The interaction between transplant density and quadrat was significant for both recruit and adult colonizers (p < 0.0001; Table 2 ). This result indicates that colonization by both recruits and adults increased with transplant density and topographic complexity (crevice vs. flat substratum; Fig. 2) . Colonization on the transplant (Quadrat 5) was significantly higher than colonization on all other quadrats for both low-and high-density transplants (see multiple comparison results in Table 3 ). There was also a significant interaction between transplant density and quadrat position, with greater mussel colonizer density in crevices with neighbouring mussel transplants than at control sites (Fig. 3) . Crevices received more colonizing mussels (recruits and adults) than smooth surfaces in highdensity transplant sites, whereas, at low-density transplant sites, this effect was significant only for adult mussels (Table 3) . Although position also influenced colonization intensity at control sites, no effect of habitat types (crevice and smooth surfaces) could be detected (Table 3) . Fucus spp. biomass, as a quantitative co-variate added to our main ANOVA model, had a significant, positive effect on recruit (p < 0.0001) and adult mussel (p = 0.0020) densities, but did not affect the significance of our main treatments. No significant effect of treatments was found when adult mussel densities were analysed separately for each sieve size (not shown).
In addition to increased Mytilus spp. colonization within experimental transplants, we observed increased numbers of colonizers in the vicinity of the mussel transplants (Fig. 3, Table 1 ). While control sites allowed testing for the effect of topography (crevice in centre of sites), this result could still be explained by 2 non-exclusive mechanisms: colonizers could aggregate in response to transplants, thus leading to a local (between-quadrat) density dependence, or they could aggregate in response to transplant mussel movement into neighbouring quadrats (Fig. 4) , a response similar to the increased colonization within transplants. To control for these confounded effects, we partitioned the effect of transplant density within transplants, from 208 Fig. 3 . Mytilus spp. Mean (± SE) number of (A) recruits and (B) adults colonizing the quadrats for each density treatment. On both graphs, significant differences between quadrats at control, low-density and high-density transplant sites are indicated with different lower-case letters according to a least-squares mean comparison test (α = 0.0250) their effect caused by the movement of transplant mussels into neighbouring quadrats. More precisely, we performed an ANCOVA excluding the centre quadrat (5) and using as a co-variate the density of transplant mussels observed in each neighbouring quadrat as a result of their movement from the transplant (see also 'Materials and methods, Statistical analysis'; Fig. 4 ). The effect of the co-variate (transplant mussel density in neighbouring quadrats) was significant for adults (p = 0.0002), but not for recruits (p = 0.5927; Table 2 ). When the effect of transplant mussels in neighbouring quadrats was taken into account, no interaction between transplant density and quadrat position treatments was found for adult colonizers, suggesting a within-quadrat aggregation with transplant mussels. For recruit mussels, there was no significant effect of the co-variate, which suggests that the increased recruit density in quadrats outside of the transplant treatment was caused by a direct local density dependence associated with transplants.
Adult displacement
Marked mussels originating from the transplant sites moved throughout the intertidal zone of the study area from 1 June to 1 August (Fig. 5) . We quantified this movement to examine the displacement distribution of adult mussels over an intertidal landscape. All transplant mussels found outside their initial site were alive and attached to the substratum. At lowdensity transplant sites, 71.7% of the transplant mussels still remained in their centre quadrat at the end of the summer, while 6% had moved to the other 8 quadrats (Fig. 4) . Only 4 (0.5%) transplant mussels from low-density transplant sites were detected beyond the boundaries of their initial 50 × 50 cm sites. At high-density transplant sites, 34.6 and 21.6% of transplant mussels were collected from the centre and other quadrats, respectively. A total of 80 (3%) highdensity transplant mussels were discovered outside their 50 × 50 cm experimental site. Furthermore, 21.7% of transplant mussels from low-density sites and 40.8% from high-density sites were never found in the study area, which characterizes the maximum potential mortality rate sustained by transplant mussels during our study. The modal and mean displacements of the 84 transplant mussels located outside their sites were 4.72 and 23.70 m, respectively; the minimum distance travelled was 0.79 m, and the maximum, 150.14 m (Fig. 5) .
Spread of artificial gaps
For each treatment type (control, small gap, large gap), there was a significant difference in gap size between sampling times (Fig. 6) . Eleven days after the creation of the artificial gaps, there was a small but significantly different (p < 0.0001, df = 2, F = 16.16) difference in gap expansion (increase from initial gap size) between control, small and large gaps, with gap-area increase significantly higher at large than at small gaps, both of which were also greater than at control sites. Two months later, in October, the percent gap cover at control sites was 42.7%, while it was 70.7 and 73.9% at small and large gap sites, respectively; however, differences among gap size treatments were not frequency distribution of displacement distance of marked mussels from initial position in experimental transplants significant (p = 0.058, df = 2, F = 3.17). A follow-up in late spring revealed the total absence of the mussel bed used for the experiment. These results imply that the early spread of disturbance depended on initial gap size, but, following 2 mo of wave-induced disturbance events, sites displayed similar gap sizes irrespective of starting conditions because of connectivity developing among gap and control sites. There was no relation between flow conditions as measured by plaster cylinders and gap expansion.
DISCUSSION
Our results suggest that in subarctic intertidal habitats, up to 90% of local Mytilus spp. colonization during the peak recruitment period (July to August) can be controlled by displacement of larger juveniles and adults (4 to 32 mm shell length) at scales >10 m and by aggregation within and next to resident mussel aggregates. Disturbance of individual adults can be propagated by a similar spatially correlated process within existing mussel beds. We were further able to partition the effect of habitat type (topography) and transplant mussel density both within and among neighbouring quadrats, on colonization by recruits and adult mussels. What is important in these results is the reported small spatial scale (~100 m) at which mussel population dynamics can operate through the positive feedback (aggregation) involved in colonization and disturbance processes. Given the importance of recruitment over larger temporal and spatial scales, our results reveal multiple scales of connectivity and demographic coupling in age-structured benthic communities and provide the first quantification (frequency distribution) of distance of adult mussel movement in intertidal landscapes.
Demographic and spatial structure of Mytilus colonization
Regardless of transplant density, about 90% of colonizing mussels were of (reproductive and nonreproductive) adult size (4 to 32 mm). Hunt & Scheibling (1996) documented the settlement of post-larval mussels on natural substrata in a temperate system in which only 20 to 31% of colonizers measured 5 to 12 mm. In another study, most colonizers were either recruits (0.5 to 1.9 mm) or small juveniles (2 to 4.9 mm; Hunt & Scheibling 1998 ). An experiment using mussel transplants revealed that most colonizers were recruits < 2 mm shell length, while individuals measuring 2 to 10 mm only contributed to <15-20% of colonization (Hunt & Scheibling 2001) . In our study, mussels of 1.9 to 4 mm shell length were referred to as recruits and only accounted for approximately 11% of colonization. This is potentially an overestimation of recruitment (individuals that recruited in the year of study), given slow shell growth rates in this subarctic intertidal environment (Guichard et al. 2001) . It is also possible that our study missed small recruits <1 mm (minimum expected shell length collected on the 0.5 mm sieve) at the end of our experiment. However, the overall large shell sizes of colonizing mussels suggest that, on this shore of the St. Lawrence Estuary, and over the temporal and spatial scales of our experiment, recruitment and growth (Petraitis 1995) are not the dominant processes upholding the observed patterns of Mytilus spp. colonization. The direct effects of pre-and post-settlement processes explaining our results are still unresolved, and mussel recruitment is highly variable between years in our study area (Smith 2007) . Future studies should therefore test how our conclusions hold against spatial and temporal variability in the intensity of pre-and post-settlement processes.
Direct causes of adult mussel aggregation can be diverse, and could be associated with active or with passive mechanisms linked to hydrodynamic forces. Here, we report increased colonization with mussel transplant density. Other studies have used mussel transplants to assess mussel growth, vulnerability to predation and settlement of new individuals (Okamura 1986 , Hunt & Scheibling 2001 . Our results further elucidate the process of local propagation in natural mussel aggregations as a result of positive density dependence during colonization and of small-scale movement of resident individuals. By incorporating the interaction between topographic heterogeneity and mussel density, our results also extend the positive effect of topographic heterogeneity (Archambault & Bourget 1996) on mussel bed expansion. Our results confirm the critical importance of small-scale topographic heterogeneity for mussel colonization demonstrated in similar subarctic (Bergeron & Bourget 1986) , temperate (Erlandsson et al. 2005 ) and tropical (Menge et al. 1985) intertidal systems. They more specifically indicate that both colonization of bare substratum and colonization next to existing mussel beds are strongly dependent upon the presence of crevices. Such strong interaction between topographic heterogeneity and aggregation should be integrated within any predictive model of mussel bed dynamics. One important result, stemming from our ability to disentangle density-dependent colonization within quadrats from density-dependent effects observed between quadrats, exemplifies the idea of spatially explicit interactions in spatial ecology (Wootton 2001) . Local interactions such as competition, predation and facilitation between neighbouring Mytilus spp. individuals have been suggested in mussel population models (Wootton 2001 , Guichard et al. 2003 . Such local interactions involve a density-dependent effect over short distances. When measured in natural systems, it can be detected as within-quadrat density dependence, or, over larger scales, as betweenquadrat density dependence. Here, we show that both spatially correlated processes can operate during colonization by individual mussels, thus facilitating propagation of the mussel bed to neighbouring habitats. We showed how small individuals (< 4 mm shell length) aggregate through between-quadrat density dependence, independently from within-quadrat mussel density. Our results provide empirical evidence and they quantify the scales (~0.01 to 0.1 m) of local processes, including the size-dependent aggregation of individual mussels in subarctic systems. They should therefore have strong implications for spatially explicit models that are currently used to predict landscape (Levin 1992 , Wootton 2001 , Guichard et al. 2003 and larger scale (Gouhier & Guichard 2007 ) dynamics in temperate systems.
Disturbance
Following their creation in late summer, large gaps initially spread more rapidly than small gaps and controls. This spatial correlation in disturbance process can be explained by drag forces, acting horizontally to the bed, which apply pressure on the edges of a gap and potentially contribute to the propagation of disturbance (Denny 1987) . It can also be understood as a spreading or 'infectious' disturbance similar to forest fire dynamics (Wootton 2001 , Guichard et al. 2003 ). Although mussels on the edges of a bed usually display greater tenacity to wave disturbance, individuals on the edge of a newly created gap have not yet produced byssal threads normally elicited by increased flow exposure (Bell & Gosline 1997) . The spread of disturbance initially occurred at higher rates at gap sites than at controls, but the high level of connectivity between gap and control sites led to similar disturbed areas across treatment levels only 2 mo through the experiment when most of the mussel bed had been disturbed.
Such local density dependence in the acceleration of disturbance has been observed in the North East Pacific. Dayton (1971) witnessed exponential growth of natural gaps, whereas Paine & Levin (1981) reported lognormal distribution of gap size and did not observe the expansion of gaps following their initial creation (~3 to 150 cm length). Guichard et al. (2003) reported power law (scale free) distribution of gaps and quantified how recently disturbed areas facilitated further disturbance in neighbouring mussel beds, suggesting that gap size is a dynamic variable, with gap size distribution at any given time not expected to reflect the size of newly created gaps. Our results demonstrate that such spatially correlated wave disturbance also applies to subarctic and estuarine systems where ice scouring was assumed to be the major cause of disturbance. In our results, small (< 0.5 × 0.5 m) artificial gaps are associated with the disturbance of an entire mussel bed (~100 m length). Similar scale disturbances have been recently observed in natural mussel beds in the St. Lawrence Estuary, which stress the need to link mussel bed dynamics across spatial and temporal scales of disturbance and recovery. However, the generalization of these results to long-term mussel bed dynamics will require further studies considering seasonal variability in wave force and in the attachment strength of mussels (Carrington 2002) .
It is also important to note that the disappearance of mussel beds within our 3 × 3 m areas surrounding gaps corresponded to the disappearance of the entire mussel bed over ~100 m. Interestingly, numerous individual adult mussels were found at the location of the original mussel bed in May 2006 (F. Petrović pers. obs.), further supporting the suggestion that disturbance and colonization processes described here are important in structuring and explaining strong fluctuations of abundance in Mytilus spp. populations.
Adult displacement and scales of connectivity
While theories of benthic invertebrate populations have historically assumed no connectivity between populations resulting from the limited movement or dispersal of individuals (Levin & Paine 1974) , more recent studies have identified larval dispersal as an important mechanism of connectivity between intertidal populations (Levin 2006) . Estimates of dispersal distance of mussel larvae range from 10 to 100 km (Becker et al. 2007 , Smith 2007 , suggesting that populations regulated by larval supply operate at those scales. Our results show that in intertidal populations where colonization is in part controlled by adult displacement, demographic connectivity also operates within landscapes (0.01 to 0.1 km).
We quantified the importance and scale of passive movement by adult Mytilus spp. (25 to 40 mm shell length) caused by wave action in the intertidal zone. Among all marked individuals, many remained within the confines of the 50 × 50 cm sites -at most, displaced 5 to 15 cm from the transplant. Active crawling behaviour (Schneider et al. 2005) generally takes place within a few centimetres and usually occurs on a time scale of months, and wave disturbance is also a source of passive movement on a scale of 10s of centimetres (Hunt & Scheibling 1998) . Similar displacement of tagged mussels (5 to 25 mm shell length) was also documented on a temperate shore, most of which moved < 5 cm and 6 individuals which moved 10 to 49 cm (Hunt & Scheibling 2002) . In our study, 84 marked mussels were found established outside their original sites, with modal and maximum distances travelled of 4.7 and 150.1 m, respectively. The only likely cause of displacement of 10s to 100s of metres over a period of 2 to 3 mo is dislodgement and transport by waves (Denny 1987 , Hunt & Scheibling 2001 , 2002 . Our study reveals the potential for wave disturbance to influence displacement and aggregation, but it is unclear how stronger wave disturbance regimes found in other intertidal systems could affect survival, displacement distance and successful reattachment of individual mussels.
Our results provide the first study of adult displacement distribution at the landscape level, and challenge the view of physical disturbance only as a source of mortality in intertidal communities (Dayton 1971 , Paine & Levin 1981 . Indisputably, physical disturbance can lead to mortality, and our results suggest that < 20 to 40% of displaced mussels either died or moved beyond the limits of our study area. Adult displacement distributions within landscapes can be statistically fitted to movement functions and integrated into spatially explicit models of coastal systems that more commonly implement connectivity through larval dispersal functions between landscapes (see Guichard et al. 2004 for a recent review). How these 2 spatial scales interact to explain regional population stability and persistence remains an open question, but recent studies point toward an important contribution of within-landscape connectivity (Gouhier & Guichard 2007 ).
Conclusions
We demonstrate that Mytilus spp. passive adult movement can control up to 90% of local colonization over the main recruitment period (July to August) in a subarctic intertidal population, and occurs over spatial scales ranging from 1 to 100 m, as waves dislodge and transport adult mussels throughout the intertidal zone. Colonization by recruits and adults involved in aggregation both within and next to mussel transplants is shown to result in the propagation of mussel beds at the local (0.01 to 0.1 m) scale. We also show similar local propagating effects controlling rates of disturbances across connected mussel beds. One important implication of our results is the coupling between the disturbance and the colonization of individuals at the landscape level. Far from constituting a source of mortality, positive feedbacks involved during disturbance can be directly coupled to similar positive feedbacks during colonization over 1 to 100 m. These dynamic and coupled processes force us to revisit the current paradigm of open and disturbed systems in intertidal populations where our results can be applied. They appear to play an important role in the maintenance of strong fluctuations in mussel populations and future research will more generally quantify the importance of adult displacement, recruitment, growth and survival on other subarctic and temperate rocky shores.
